Abstract: Photovoltaic virtual synchronous generator (PV-VSG) technology, by way of simulating the external characteristics of a synchronous generator (SG), gives the PV energy integrated into the power grid through the power electronic equipment the characteristics of inertial response and active frequency response (FR)-this attracts much attention. Due to the high volatility and low adjustability of PV energy output, it does not have the characteristics of a prime mover (PM), so it must be equipped with energy storage systems (ESSs) in the DC or AC side to realize the PV-VSG technology. However, excessive reliance on ESSs will inevitably affect the application of VSG technology in practical PV power plants (PV-PPs). In view of this, this paper proposes the PV power reserve control type VSG (PV-PRC-VSG) control strategy. By reducing the active power output of part of the PV-PPs, the internal PV-PPs can maintain a part of the active power up/down-regulation ability in real time, instead of relying on external ESSs. By adjusting the active reserve power of this part, the output of the PV-PPs can be controlled within a certain range, and the PV-PPs can better simulate the PM characteristics and realize the FR of the grid by combining the VSG technology. At the same time, the factors affecting the reserve ratio are analyzed, and the position of the voltage operating point in PRC mode is deduced. Finally, the simulation results show that the proposed control strategy is effective and correct.
Introduction
China's new-generation energy revolution advocates the development of non-fossil energy, and PV energy has become an important part of non-fossil energy due to its inexhaustible advantages. It is estimated that in 2035, photovoltaic virtual (PV) energy will account for 26% of total installed capacity and 14% of electricity generation [1] .
Power system frequency is an important standard to reflect the power surplus and deficiency of a power system. Frequency response control mainly reflects the power support function of source side to grid side. The influence of large-scale PV power plants (PV-PPs) on power system frequency is mainly reflected in two aspects [2] [3] [4] :
• Reduce the equivalent moment of inertia of the power system. The PV cell is a static original, which does not have any rotating standby. After being connected to the power grid, the original equivalent inertia will be less; • The primary frequency response capability of the system is weakened. Under the action of maximum power point tracking (MPPT), the PV output is uncontrollable and cannot provide power support for the system.
It is obvious that large-scale PV-PPs will weaken this support after they are connected to the power grid [5] [6] [7] . The proposal and promotion of virtual synchronous generator (VSG) control technology can effectively solve the above problems and, at the same time, can give the PV grid-connected system the ability to participate in the frequency and voltage regulation of the power grid independently [8] [9] [10] . However, the PV system active power output changes with the external environment (including solar irradiance and temperature) under the effect of maximum power point tracking (MPPT). Since the active output is not controllable, the traditional VSG control strategy cannot be directly used in PV systems. Existing related research in joining the ESSs to the DC or AC side of the PV system [11, 12] can effectively solve the above problems. By controlling the charging and discharging of ESSs, the effect of controlling PM output can be simulated in a short time, but it will be affected by the physical constraints of the ESSs. In reference [13] , a 50 kW × 30 min lithium-ion battery pack is used to connect a PV array (installed capacity of 500 kW) DC side, and active frequency response is realized by controlling the output of the ESSs. However, any benefit brought by the ESSs to the power grid is based on the economic cost of ESSs [14] .
In large-scale PV-PPs such as Hexi New Energy Base in GanSu Province, China, limited by the current energy storage technology level, ESSs cannot be widely used in PV-PPs, and the charging and discharging efficiency is low. Frequent charging and discharging not only makes the energy utilization rate lower but also affects the service life of the ESSs, resulting in greater economic losses. PV-power reserve control (PRC) maintains a part of the power up/down capability by reducing the output of the PV system [15] [16] [17] [18] [19] [20] and participates in the power system frequency response in combination with inertial response control and droop control, which is called fast frequency response (FFR) or active power control (APC) [2, 21, 22] . However, compared with the VSG control method, the VSG is a direct simulation of the internal potential phase motion and its basic inertia and damping characteristics of the SG, and it is the simplest and most effective way to realize the characteristics of the traditional SG. In addition, in the previously published works on PV-PRC, there are different views of whether the voltage operating point should be located to the left or right of the maximum power point voltage (V mpp ) in PV-PRC mode. In addition, the PV-PRC model means that a part of the photovoltaic energy is wasted, but there is little work on how to choose the appropriate reserve ratio.
Aiming at the above problems, this paper takes the two-stage PV grid-connected system as the research object. The DC/DC and DC/AC converters implement PV-PRC/MPPT and VSG control respectively. We named this control method as the PV power reserve control type VSG (PV-PRC-VSG) control technology. In this paper, the traditional PV-PRC and PV-VSG are combined and further improved. The main contributions are as follows:
• Propose a new PV-VSG implementation method, which maintains a part of the active power up-regulation capability by operating the PV system in PRC mode and combines the VSG technology to enable the PV system to support sudden power shortages in the power system. The control method is called the PV power reserve control type virtual synchronous generator (PV-PRC-VSG) technology; • Considering the actual project, in order to ensure the reliable and efficient operation of the inverters, two voltage operating points in PV-PRC mode are analyzed in detail, and the result that the voltage operating point in PRC mode should be located on the right side of the maximum power point voltage is achieved;
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• Based on the requirements of the State Grid for wind abandonment and PV energy abandonment and the active support capability of PV-VSG, the upper limit of the reserve ratio in PV-PRC mode is obtained.
In Section 2 of the paper, the traditional PV-VSG technology is introduced in detail. The implementation strategy of PV-PRC and the position of the voltage operating point are elaborated in Section 3. The proposed PV-PRC-VSG control technology and the range of the reserve ratio in PV-PRC mode are described in Section 4. In Section 5, the validity of the proposed method is verified by simulation experiments under various operating conditions.
Modeling and Analysis of PV-VSG

Principle and Embodiment of the VSG
VSG control can be divided into active loop control and reactive loop control from the function and control target. Its active loop includes active frequency droop control and inertial response control, which mainly realizes the function of independent FR. The reactive loop consists of reactive power-voltage droop control and end-voltage closed-loop control, which realizes automatic voltage regulation and voltage amplitude control of the VSG [23] . The basic mathematical model of the VSG is as shown in Equation (1) . The VSG control block diagram controlled by the mathematical model is shown in Figure 1 .
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Where J is the moment of inertia, 
Traditional PV-VSG Technology
In this paper, the two-stage grid-connected PV system is taken as the research object, as shown in Appendix A. Because the control objectives of DC/DC and DC/AC converters are different, as shown in Table 1 , the control method shown in Figure 1 cannot be applied to the two-stage grid-connected PV system. In addition, if the PV system operates in MPPT mode, the output of the PV system cannot be controlled, and the premise of VSG implementation is that the system must maintain a reserve power, then it cannot achieve autonomous frequency and voltage regulation. Figure 2 shows that for the control effect diagram of above method in reference [13] , when the grid frequency changes suddenly, PV output power remains unchanged, and ESSs regulates output power to participate in grid FR. It is noteworthy that the active support provided by PV-ESSs is constrained by the allocation of a capacity cap and support time during the whole frequency decline stage. In addition, the addition of ESSs will greatly increase the construction cost of PV-PPs. The operation of PV-PRC can effectively reduce the above problems. Therefore, in order to apply VSG control technology to the two-stage grid-connected PV system, it is necessary to solve the active standby problem and improve the control algorithm. External ESSs can effectively solve the above problems. The ESSs mainly undertake the reserve capacity required by FR. After adding ESSs, the Equation (1) Therefore, in order to apply VSG control technology to the two-stage grid-connected PV system, it is necessary to solve the active standby problem and improve the control algorithm. External ESSs can effectively solve the above problems. The ESSs mainly undertake the reserve capacity required by FR. After adding ESSs, the Equation (1) is converted to:
PV-PRC Principle and Voltage Operating Point Analysis
Analysis of PV Generator Output Characteristics
P m = P mpp + P ESSs P ESSs = D p (ω n − ω)(2)
PV-PRC Principle and Voltage Operating Point Analysis
Analysis of PV Generator Output Characteristics
The output P-V characteristic curve of the PV module is as shown in Figure 3a . In Figure 3a , there is a unique maximum power value P mpp ; P deload is the output power value of the PV system in PRC mode; in PRC mode, the PV system maintains a part of the real-time active power up-regulation capability, as shown in Equation (3), ∆P is called the reserve active power of the PV system.
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where in V is the lowest PV output voltage that can make the inverter work normally; out V is the maximum input voltage that the inverter can withstand; deload1 P is the PV output power when PRC mode is operating on the 1 V side; mpp P is the PV output power in MPPT mode; and deload2 P is the PV output power when PRC mode is operating on the 2 In addition, whether operating in MPPT mode or PRC mode, ensuring the safe and reliable operation of the inverter is the necessary prerequisite for realizing grid-connected PV power generation. As shown in Figure 3b Therefore, considering the response speed of PRC operation and the adjustable reserve capacity and ensuring the safe and efficient operation of the system, the ideal working area is expected to work on the right side of mpp V , namely the 2 V side. As shown in Figure 2a , the output power of the PV system corresponds to two voltage operating points V 1 and V 2 in the non-MPP. The relationship between V 1 , V 2 and V mpp is shown in Equation (4) . As shown in Equation (4), the same active reserve is implemented in PRC mode. Since the curve corresponding to the V 2 side has a steeper gradient, the voltage regulation range on the V 2 side is much smaller than that on the V 1 side (i.e., ∆V 2 < ∆V 1 ), which will bring the faster response speed.
where V in is the lowest PV output voltage that can make the inverter work normally; V out is the maximum input voltage that the inverter can withstand; P deload1 is the PV output power when PRC mode is operating on the V 1 side; P mpp is the PV output power in MPPT mode; and P deload2 is the PV output power when PRC mode is operating on the V 2 side. In addition, whether operating in MPPT mode or PRC mode, ensuring the safe and reliable operation of the inverter is the necessary prerequisite for realizing grid-connected PV power generation. As shown in Figure 3b , the PV output voltage in the [V in , V out ] region can make the inverter work normally. If the output voltage of the PV generator is not in this area, the inverter will go into shutdown or standby state. If PRC mode runs on the V 1 side, when the irradiance changes from 600 to 300 W/m 2 , the PV output voltage will not be in the workspace of the inverter. However, when running on the V 2 side, the voltage output is always in the operation area of the inverter.
Therefore, considering the response speed of PRC operation and the adjustable reserve capacity and ensuring the safe and efficient operation of the system, the ideal working area is expected to work on the right side of V mpp , namely the V 2 side.
PV-PRC Implementation Analysis
Equation (3) shows that the premise of introducing active reserve is that the current maximum output power value P mpp is a known amount. Therefore, the maximum power point estimation (MPPE) link is necessary for the PV-PRC operation, and the active power can be introduced when the MPPE link is found to be P mpp . For the sake of simplicity, the MPPE method in the reference [17] is used, as shown by the red dashed box in Figure 4 , taking two sets of PV modules or arrays of the same model and quantity as an example. When operating under the same operating conditions, PV1 operation in MPPT mode, its output power can be used as the available power value of PV2 (P mpp1 = P mpp2 ). However, in [17] , the PV output power is controlled by controlling the output voltage. The calculation of the voltage command in the process leads to a cumbersome control process. In view of this, this paper improves it by using direct power control to control the output power. In addition, in this kind of is used, as shown by the red dashed box in Figure 4 , taking two sets of PV modules or arrays of the same model and quantity as an example. When operating under the same operating conditions, PV1 operation in MPPT mode, its output power can be used as the available power value of PV2 ( mpp1 mpp2 = P P ). However, in [17] , the PV output power is controlled by controlling the output voltage.
The calculation of the voltage command in the process leads to a cumbersome control process. In view of this, this paper improves it by using direct power control to control the output power. In addition, in this kind of control mode, through the lowest voltage limit, the PRC runs with the 2 V side, and the control block diagram is shown in Figure 4 . 
PV-PRC-VSG Control Strategy and Reserve Ratio Analysis
In PRC operation mode, a part of the power up-regulation capability is maintained in the PV system, so that the output of the PV system can be adjusted within a certain range, and the regulation of the reserve power has the same effect as the charging and discharging of the energy storage system, and the active output can be adjusted. With the VSG technology, the inertial response and the participating power system primary frequency response can be realized. In this mode, the output power of the virtual prime mover is as shown in Equation (5).
Equation (5) can be reduced to:
( ) 
In PRC operation mode, a part of the power up-regulation capability is maintained in the PV system, so that the output of the PV system can be adjusted within a certain range, and the regulation of the reserve power has the same effect as the charging and discharging of the energy storage system, and the active output can be adjusted. With the VSG technology, the inertial response and the participating power system primary frequency response can be realized. In this mode, the output power of the virtual prime mover is as shown in Equation (5) .
where from left to right are PV output power, inertial response process demand power and primary frequency modulation demand power.
, where P f is the required power for frequency response. Assuming that the PV system operates in PRC mode initially and maintains a certain active reserve ∆P, when the frequency change of the grid is detected to exceed the dead zone (±0.03 Hz), the required power P f for the PV system to participate in frequency regulation is calculated through the VSG control link. Then, by release or increasing the reserve power, it can participate in the frequency regulation of the power grid to provide power support for the power grid. The control block diagram of the whole system is shown in Figure 5 . Figure 5 . The PRC operation mode of the PV system essentially abandons part of the PV resources, which is in contradiction with the efficient use of energy and relevant national network codes. However, considering that the realization of PV-PRC-VSG technology can improve the stability of the power system, enhance the acceptance of the power grid to PV energy, and save the investment of ESSs, it is necessary to keep the power reduction within a certain range, and the proportion of the power reserve in the actual operation process is mainly constrained by the following factors:
1. Relevant regulations of the State Energy Administration pointed out that in solving the problem of clean energy consumption, the proportion of PV abandonment and power limitation will be reduced year by year. By the end of 2020, the problem of abandoned wind and PV will be basically solved nationwide (the abandoned water/wind/PV abandonment rate of the three northern regions will remain below 10%, and that of other regions will be below 5%). 2. Analysis of the PRC mode applicable period: Generally, the output of a PV power plants is like a "  ". At the initial and end moments, less PV energy is injected into the power system. The generating units in the power system are mainly undertaken by the SG (thermal power or hydropower). At this time, the equivalent inertia and primary frequency response capability of the system are relatively sufficient, and there is no active reserve ( 0 P Δ = ) in the PV system. In order to maximize energy utilization, the PV system operates in MPPT mode. With the increase of irradiation intensity, the output of the PV system increases gradually. The power system uses thermal power to regulate peak load. With thermal power cut out of the power grid, the The PRC operation mode of the PV system essentially abandons part of the PV resources, which is in contradiction with the efficient use of energy and relevant national network codes. However, considering that the realization of PV-PRC-VSG technology can improve the stability of the power system, enhance the acceptance of the power grid to PV energy, and save the investment of ESSs, it is necessary to keep the power reduction within a certain range, and the proportion of the power reserve in the actual operation process is mainly constrained by the following factors:
1.
Relevant regulations of the State Energy Administration pointed out that in solving the problem of clean energy consumption, the proportion of PV abandonment and power limitation will be reduced year by year. By the end of 2020, the problem of abandoned wind and PV will be basically solved nationwide (the abandoned water/wind/PV abandonment rate of the three northern regions will remain below 10%, and that of other regions will be below 5%).
2.
Analysis of the PRC mode applicable period: Generally, the output of a PV power plants is like a "∩". At the initial and end moments, less PV energy is injected into the power system. The generating units in the power system are mainly undertaken by the SG (thermal power or hydropower). At this time, the equivalent inertia and primary frequency response capability of the system are relatively sufficient, and there is no active reserve (∆P = 0) in the PV system. In order to maximize energy utilization, the PV system operates in MPPT mode. With the increase of irradiation intensity, the output of the PV system increases gradually. The power system uses thermal power to regulate peak load. With thermal power cut out of the power grid, the equivalent inertia and primary frequency response ability in the power system are greatly reduced. The PV system reduces active output, maintains active reserve (∆P 0), and participates in frequency response of the power grid. 3.
The relevant requirements for PV-VSG to participate in primary frequency response stipulate that when the active power output of PV-VSG is greater than 20%P n , it should have primary frequency response capability; when the frequency deviation exceeds the dead zone (±0.03 Hz), PV-VSG should adjust the active output to participate in primary frequency response; in the primary frequency modulation process, the upper limit of active power can be increased at least 10%P n , and the upper limit of active power can be reduced at least 20%P n .
To sum up, considering the limitation of abandoning PV energies and the requirement of the VSG for primary frequency modulation, it is more appropriate to reduce power by 10%P mpp . During the operation of the power system, when the system frequency increases, the active output of the PV system further reduces the frequency change of the response system by increasing the value of ∆P. When the system frequency decreases, the value of ∆P of the PV system needs to be reduced to release the reserve active power. It is noteworthy that when P f > ∆P, there is no active power up-regulation ability in the PV system. In addition, ∆P is still limited by the upper limit. When ∆P increases to 30%P mpp , it cannot be increased any more. As shown in Equation (7), because of the limitation of active reserve capacity, the ability of PV-PRC-VSG to participate in primary frequency regulation is limited.
where ∆P is a reference value of reserve power during primary frequency response.
Simulation of Proposed Method
To verify the effectiveness of the proposed control strategy, the corresponding simulation model was built in MATLAB/Simulink. The model topology adopts the grid-connected structure of the PV system in Figure 2 . The corresponding experimental verification was made for a DC/DC inverter working in PRC mode and DC/DC and DC/AC inverter coordinated control participating in power system frequency response.
PV-PRC Simulation and Analysis
Firstly, the PRC operation control strategy of the DC/DC side proposed in the second section is simulated and analyzed. Taking the parameters of a single 240-W PV module (JLS60P240W) as an example, the parameters of PV modules are shown in Table 2 . The maximum power value of the PV module is calculated in the MPPE process, and then the active reserve is introduced. For the convenience of calculation, the reserve ratio (R) is introduced. The value of R can be calculated by Equation (8) . In the operation process control, R is the direct control object.
where: Table 2 . PV module parameter data sheet.
The primary task of PRC operation is to calculate the value of P mpp at each moment; that is, the MPPE process. MPPE plays a vital role in the whole PRC operation process, which directly affects the accuracy of the power reserve. In Figure 6a , the red dotted line is the maximum output power (actual P mpp value) of the PV system in MPPT mode, and the black dotted line is the P mpp value calculated by MPPE, which deviates little from the actual value, thus laying a foundation for subsequent experiments.
convenience As shown in Figure 6b , there is no active reserve in the PV system before 0.4 s, and the PV system works in MPPT mode; between 0.4-2 s, the PV system maintains the active reserve in PRC mode. In Figure 5b , the solid line is the given value of the reserve rate, and the dotted line is the actual reserve rate value in the simulation operation. It has good tracking accuracy in the whole operation process. The output power is shown by the blue solid line in Figure 6a . It is noteworthy that the direct power reduction method used in this paper can work in MPPT and PRC modes in a time-sharing manner according to the actual needs, and there is no need to switch control modes, which provides greater convenience for engineering implementation. Figure 6c is a comparison of output voltage of MPPT mode and PRC mode. It was found that the output voltage in PRC mode is always greater than that in MPPT mode. It is proved that in PRC mode, the output voltage always works on the right side of the P-V curve, which is the same as the expected result in Section 3. It is interesting to find that the DC voltage ripple in PRC mode is much smaller than that in MPPT mode.
PV-PRC-VSG
In the previous section, the PV-PRC implementation and the voltage operating point were verified. The PV-PRC-VSG technology aims to enable the PV system to provide a certain power support for the power system. This requires DC/DC side and DC/AC side coordinated control. When the system power shortage causes the frequency to change, the DC/DC side provides power support for the power system by adjusting the standby rate R to release or expand the reserve power. The simulation parameters are shown in Table 3 . • System frequency rise
The simulation time is 1.5 s, and the system frequency does not change from 0 to 0.7 s. At 0.7 s, the power system has the problem of excess power, which leads to the sudden change of the system frequency from 50 Hz to 50.3 Hz, and it returns to normal at 1.3 s. The frequency variation of the system is shown in Figure 7a . Because of the inertia, the rise curve of the system frequency is smoother. Equation (7) shows that when the system frequency increases, the reserve power rises to 5 kW, and the reserve rate increases to 25% as calculated by Equation (8), and as shown in Figure 7b . The active power of PV output is further reduced to 15 kW, as shown in Figure 7c , and the output voltage and current of the inverter are shown in Figure 7d . The results are in agreement with those of the formulas of Equations (7) and (8) . The whole response process essentially maintains power system stability by abandoning a part of PV energy.
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The simulation parameter setting and the initial reserved power amount are the same as above. When the system loses part of the external power due to generator failure at 0.7 s, the system frequency is reduced from 50 to 49.9 Hz, and it returns to normal at 1.3 s, as shown in Figure 8a . When the system frequency drop is detected, the PV system needs to release a part of the reserve active power. According to Equations (7) and (8), the standby rate reference value needs to be changed from 10 to 5%, as shown in Figure 8b . During the frequency drop, a part of the active power is released by the reduction of the reserve ratio to participate in the primary frequency response of the power grid, and the output power is as shown in Figure 8c , and Figure 8d shows the output voltage and current of the inverter.
When the system frequency drop is detected, the PV system needs to release a part of the reserve active power. According to Equations (7) and (8), the standby rate reference value needs to be changed from 10 to 5%, as shown in Figure 8b . During the frequency drop, a part of the active power is released by the reduction of the reserve ratio to participate in the primary frequency response of the power grid, and the output power is as shown in Figure 8c , and Figure 8d shows the output voltage and current of the inverter. •
Serious Decrease of System Frequency
The initial parameters of the simulation are the same as above. When the large load is suddenly cut in 0.7-1.3 s, the system frequency is reduced from 50 to 49.7 Hz. According to the setting, the PV system reduces the reserve ratio and increases the active output. Due to the limited active reserve of the PV system, the frequency response will be limited. Equation (7) shows that when the frequency drops by more than 0.2 Hz, the PV system will release all reserve power. Therefore, under this condition, the PV system reserve ratio is changed from 10 to 0%, all the active reserve is released, and the grid is integrated into the grid in MPPT mode. The simulation diagram is shown in Figure 9a -d. It can be seen that the frequency modulation effect of the PV-ESSs-VSG system in reference [13] can be achieved without external ESSs, and the active power support time provided is longer. • Serious Decrease of System Frequency
The initial parameters of the simulation are the same as above. When the large load is suddenly cut in 0.7-1.3 s, the system frequency is reduced from 50 to 49.7 Hz. According to the setting, the PV system reduces the reserve ratio and increases the active output. Due to the limited active reserve of the PV system, the frequency response will be limited. Equation (7) shows that when the frequency drops by more than 0.2 Hz, the PV system will release all reserve power. Therefore, under this condition, the PV system reserve ratio is changed from 10 to 0%, all the active reserve is released, and the grid is integrated into the grid in MPPT mode. The simulation diagram is shown in Figure 9a -d. It can be seen that the frequency modulation effect of the PV-ESSs-VSG system in reference [13] can be achieved without external ESSs, and the active power support time provided is longer. 
Conclusions
Aiming at the problem that the traditional PV-VSG technology relies on external ESSs, which leads to a large increase in the cost of large-scale PV-PPs construction and limits its application in 
Aiming at the problem that the traditional PV-VSG technology relies on external ESSs, which leads to a large increase in the cost of large-scale PV-PPs construction and limits its application in engineering, this paper puts forward PV-PRC-VSG technology. Boosting the converter realizes the active reserve of the PV system, power output can be adjusted to realize the independent frequency modulation of PV system, and DC/AC inverter to achieve power conversion, and reactive power control. The PV system participates in the frequency response of the power system. Through the analysis and experimental verification, the following conclusions are drawn:
• The PRC method of the PV system in this paper can work in MPPT and PRC modes in a time-sharing manner according to actual needs and does not need to switch the control strategy; • Considering the efficient and safe operation of the inverters, it is determined that the voltage operating point in PV-PRC mode should be on the right side of V mpp , and the reserve rate should be 10% considering the abandonment of PV energy and frequency modulation ability of the participating system; •
The proposed PV-PRC-VSG control strategy can actively participate in the frequency response of the power system without additional ESSs. It also has a longer power support time, but it is also constrained by the reserve power capacity.
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